Abstract. Dietary n-3 polyunsaturated fatty acids (n-3 PUFAs) have been demonstrated to reduce tumor load in Apc Min/+ mice, supporting a role for n-3 PUFAs in the inhibition of colon carcinogenesis and progression. The aim of the present study was to investigate whether a diet enriched with n-3 PUFAs, known already to have anti-neoplastic efficacy in Apc Min/+ mice, would reverse the development of intestinal polyps. For this purpose, Apc
Introduction
Epidemiological studies have indicated that consumption in the diet of fish oil, rich in n-3 polyunsaturated fatty acids (n-3 PUFAs) has been associated with a reduced risk of colorectal cancer via modulation of the inflammatory status of cellular membranes (1) (2) (3) . Experimental studies have identified a role for n-3 PUFAs in colon carcinogenesis showing a growth inhibitory effect on the progression of malignancy (4) . Dietary n-3 PUFAs have been demonstrated to reduce tumor load in mice with an APC defect (5, 6) . Additionally, clinical evidence showed that these fatty acids have specific effects on disease prevention, reducing rectal polyp number and size in patients with familial adenomatous polyposis (7) .
Previously, in HepG2 hepatoma cells, we showed that the exposure of these cells to the eicosapentaenoic acid (EPA) and the arachidonic acid (ARA), belonging to the family of n-3 PUFAs and n-6 PUFAs, respectively, led to cell growth arrest and the promotion of apoptosis (8) . The inhibition of cell growth exerted by these PUFAs was due to a strong inhibition of fatty acid synthase (FAS) and 3-hydroxy-3-methyl-glutaryl CoA reductase (HMGCoAR) gene expression.
We previously performed an in vivo study demonstrating that Mediterranean diet components, such as olive oil, n-3 and n-6 PUFAs, when given to mice that spontaneously develop intestinal polyps (Apc Min/+ mice), are able to reduce polyp number and volume by decreasing proliferation and increasing pro-apoptotic activity (9) . These biological effects were associated with the inhibition of FAS and HMGCoAR gene expression and activity as well as an increased estrogen receptor β/estrogen receptor α (ERβ/ERα) ratio.
Previous findings have demonstrated that ERβ is abundantly expressed in normal colon but exhibits a progressively decreased expression in human adenomatous sporadic polyps and in Apc Min/+ mice (10) (11) (12) (13) (14) (15) . By contrast, ERα is a well-known mediator of cell proliferation activity (16) , which acts by enhancing the transcription of factors associated with cell proliferation and shows an increased expression in colon cancer as compared to normal surrounding tissue (16) . In particular, ERα protein expression has been demonstrated to play a role in the regulation of the hedgehog (Hh) signaling pathway which has been demonstrated to be activated in many types of cancer, including colorectal cancer (17) (18) (19) . Activation of the Hh pathway induces an overexpression of Hh signaling pathway-associated genes, sonic hedgehog (Shh) protein and the glioma-associated oncogene homolog-1 (GLI-1) (19, 20) .
Another important feature of malignant transformation is loss of the cholesterol feedback inhibition mechanism that regulates cholesterol synthesis (21, 22) . The main cholesterol feedback defect in malignant cells has been located at the HMGCoAR step. Cancer cells are characterized by a reduced expression of LDL receptor (LDL-R) and as a consequence of the inability to internalize the exogenous cholesterol, tend to increase the endogenous synthesis, thereby increasing the activity of HMGCoAR. Alterations of lipid metabolism, and high levels of FAS and HMGCoAR expression and activity, are usual characteristics of tumor cells and are essential in the onset and progression of tumor (23) .
The aim of the present study was to investigate whether a diet enriched with n-3 PUFAs, known already to have an anti-neoplastic efficacy, would reverse the development of intestinal polyps in Apc Min/+ mice and to examine the possible molecular mechanisms involved. The expression levels of cell proliferation-and apoptosis-related proteins, as well as the protein expression of LDL-R and the levels of FAS activity were analyzed in mouse intestinal tissue.
Materials and methods
Animals and experimental study design. Five-week-old C57BL/6J male mice with a heterozygote mutation for the Apc gene (Apc Min/+ ) were obtained from Charles River Laboratories Italia (calco, Italy). The mice were maintained under temperature-, air-and light-controlled conditions and received food and water ad libitum, although they did not receive any surgical or hormonal manipulation. All animals received care in compliance with the 'Guide for the Care and Use of Laboratory Animals'. The procedures regarding animal use were communicated to the Italian Ministry of Health and approved.
The Apc Min/+ mice were randomly divided into 3 groups of 5 animals each and fed as follows: control (ST1) group, received a purified AIN-93M standard diet (12.5% protein, 12% soybean oil, 3% cellulose fiber) for 5 weeks; control (sT2) group, received the same purified AIN-93M standard diet for 10 weeks; OM-3R group, received a purified AIN-93M standard diet for 5 weeks and a purified AIN-93M standard diet in which soybean oil was replaced with salmon oil, rich in n-3 PuFAs (12.5% protein, 12% salmon oil, 3% cellulose fiber) for an additional 5 weeks. Diet fatty acid composition has been previously described (9) , with the diets being iso caloric and supplied as pellets (Mucedola srl, settimo Milanese, Italy). Body weight and food intake of the mice were measured every 3 days.
Following establishment of the time period for the dietary treatment, the animals were sacrificed by cervical dislocation and the entire intestinal tract was immediately removed and washed with cold phosphate-buffered saline (PBS). The small intestine and colon were cut along the mesenteric insertion, placed on a paper strip at 0-4˚c and analyzed through a stereomicroscope at x3 magnification in order to calculate the number and the volume of polyps. The small intestine was further divided into proximal, medial and distal segments. A portion of the intestinal segments of all the animals was immediately stored at -80˚c, for western blot analysis and enzymatic activity analyses.
Western blotting. Protein expression levels of ERα, ERβ, Shh, GLI-1, sTAT3 and p-sTAT3ser as well as PIAs-3, caspase-8, Bax, Bcl-2, LDL-R and β-actin protein expression were evaluated in distal tissue specimens by western blot analysis.
briefly, 50 µg aliquots of total protein were separated in 4-12% pre-cast polyacrylamide gels (Invitrogen, Life Technologies, carlsbad, cA, usA) and transferred onto a PVDF membrane with Transblot Turbo (both from Bio-Rad Laboratories, Milan, Italy). The primary antibodies anti-p-sTAT3ser, anti-STAT3 and anti-β-actin (Cell Signaling Technology, Beverly, MA, USA); anti-ERα, anti-ERβ, anti-Bax, anti-Bcl-2, anticaspase-8, anti-shh, anti-GLI-1 and anti-PIAs-3 (santa cruz biotechnology, Inc., santa cruz, cA, usA); and anti-LDL-R (Abcam, Cambridge, MA, USA) were diluted at 1:500 in blocking buffer. After overnight incubation, the membranes were subsequently incubated with a horseradish peroxidaseconjugated secondary antibody (Bio-Rad Laboratories). The proteins were detected by chemiluminescence (ECL; Thermo scientific, Rockford, IL, usA) and the densitometric analysis of each protein-related signal was obtained using the Molecular Imager chemidoc™ (bio-Rad Laboratories) and normalized against β-actin expression.
FAS activity assay. FAS activity was determined on frozen distal intestinal samples, as previously described (24), and expressed as picomoles of incorporated 2-14 C-malonyl-CoA/min/mg of total proteins.
Statistical analysis. Data are presented as means ± SE. The significance of the differences among experimental groups was evaluated by one-way analysis of variance (ANOVA) and Tukey's multiple comparison test. Differences were considered significant at a P<0.05.
Results

Total number and volume of intestinal polyps.
The number and volume of polyps evaluated along the entire intestinal tract in three groups of mice were determined ( Fig. 1A and B) . Compared to the mice treated with standard diet for 5 weeks (ST1 group), the number of polyps in the OM-3R group was decreased although the reduction was not statistically significant. However, a statistically significant difference in polyp number was present between the ST2 group (mice treated with standard diet for 10 weeks) and the OM-3R group (P= 0.03, ANOVA and Tukey's multiple comparison test) (Fig. 1A) .
The volume of polyps detected along the entire intestinal tract of each mouse was calculated by considering polyps as hemispheres (1/2x3/4 π r 3 ). Analysis of the polyp volume revealed a statistically significant reduction in the OM-3R group as compared to animals fed with the standard diet for 5 weeks (ST1) and for 10 weeks (ST2) (P=0.03 and P=0.002, respectively, ANOVA and Tukey's multiple comparison test) (Fig. 1B) . These results clearly indicated that n-3 PUFAs reversed the intestinal polyp formation in Apc Min/+ mice.
Protein expression of estrogen receptors.
To examine the underlying molecular mechanisms of polyp reversion, we studied the two cell signals of proliferation and of apoptosis. The role of ERβ in counteracting tumor progression was confirmed. Fig. 2 shows a significant increase of ERβ protein expression in the OM-3R group versus the ST1 and ST2 groups (P= 0.0002 and P= 0.0001, respectively, ANOVA and Tukey's multiple comparison test), whereas the ERα protein levels were not altered. These results led to a significant induction of ERβ/ ERα ratio, evident in the OM-3R group as compared to the ST1 and ST2 groups (P=0.0002 and P=0.0001, respectively).
Protein expression of Shh and GLI-1.
Since ERα, a mediator of cell proliferation, regulates the Hh signaling pathway, we examined the protein expression levels of shh and GLI-1 in mouse intestinal tissue. The results demonstrated that the two proteins were differentially expressed following the n-3 PuFAs diet treatment: shh protein levels were significantly downregulated in the OM-3R group, whereas the GLI-1 protein expression was unmodified when compared to the sT1 and ST2 groups (Fig. 3) .
Protein expression of STAT3Ser/STAT3 ratio and PIAS-3.
To better define the molecular connection between n-3 PuFAs and cell proliferation, we evaluated the expression of p-STAT3, known to play a role in cell growth by upregulating the expression of anti-apoptotic genes. The results clearly demonstrated that p-STAT3Ser expression was significantly reduced in mice fed on n-3 PUFAs as compared to mice receiving only the standard diet for 5 weeks (P= 0.01, ANOVA and Tukey's multiple comparison test) (Fig. 4A) . consequently, PIAs-3 Min/+ -treated groups. Graphics shows the normalized levels with β-actin of estrogen receptor β (ERβ) and ERα, as well as the levels of ERβ/ERα ratio. ST1, standard diet for 5 weeks; ST2, standard diet for 10 weeks; OM-3R, standard diet for 5 weeks plus n-3 polyunsaturated fatty acids (n-3 PUFAs)-enriched diet for another 5 weeks. Data are presented as the mean ± sE. P<0.05 shows statistically significant differences (one-way analysis of variance and Tukey's multiple comparison test). levels, known to be an inhibitor of p-sTAT3, were significantly increased in the OM-3R mouse group as compared to mice receiving only the standard diet, for 5 and 10 weeks (P=0.005 and P=0.001, respectively) (Fig. 4b) . Fig. 4b shows that PIAs protein expression was highly downregulated after 10 weeks of treatment with the standard diet. Expression level of apoptotic proteins. The expression levels of caspase-8 (Fig. 5A) , and Bax and Bcl-2 proteins (Fig. 5B) were determined. Apoptotic processes were not involved in the reversion process induced by n-3 PUFAs, i.e., no change in the caspase-8, Bax and Bcl-2 protein expression was observed in the OM-3R group as compared to the ST1 and ST2 groups. 
LDL-R protein expression and levels of FAS activity.
The dietary n-3 PUFAs treatment, in intestinal mice tissue, caused a significant increase of LDL-R expression, able to exert an inhibitory effect on tumor cell growth (Fig. 6 ) as well as a strong reduction of FAs activity (Fig. 7) . These results confirmed that natural compounds such as n-3 PUFAs can elicit their effects via the downregulation of lipogenic enzymes.
Discussion
The present study shows for the first time the ability of a diet enriched with n-3 PUFAs to invert the polyp formation process in a Apc
Min/+ mouse model.
Previous findings demonstrated in Apc
Min/+ mice that n-3 PuFAs significantly reduced the number and volume of polyps, through a decrease of cell proliferation and an increase of apoptosis in the adenomatous tissue (9) . by contrast, the reverse process of polyp development, is likely due to the activation of anti-proliferative mechanisms that exclude cell apoptotic processes. n-3 PUFAs were able to suppress intestinal polyps in Apc Min/+ mice and significantly reverse polyp development associated with the downregulation of cell proliferation markers and with the induction of ERβ and LDL-R, which are negative modulators of cell proliferation. p-STAT3 has been shown to have pro-proliferative effects and is responsible for the activation of metabolic pathways involved in the regulation of cell proliferation (25) (26) (27) (28) . Its reduction, following n-3 PUFAs treatment, is an index of the shutdown of cell proliferation in mouse intestinal tissue.
consequently, PIAs-3 levels were induced, since PIAs-3 is known to control the extent and the duration of STAT3 activity in cells preventing its oncogenic function (29) .
Several chemopreventive agents, such as olive oil, n-3 PuFAs, curcumin and silymarin (9, 11, 30) have been demonstrated to suppress the spontaneous formation of intestinal tumors in the Apc Min/+ mouse, confirming a key role of diet in modulating colon cancer risk.
Different mechanisms have been suggested to explain the protective effect of n-3 PUFAs on colon cancer development. Authors have suggested that their antineoplastic effects would involve the incorporation of n-3 PUFAs into cellular membranes replacing the n-6 PUFAs with a consequent reduction of inflammation (3, 6) .
Previously, we demonstrated that the anti-proliferative effects of dietary n-3 PUFAs were associated with an inhibition of FAS and HMGCoAR gene expression and activity and to an increased ERβ/ERα ratio (9) . In the present study, we showed that induction of the ERβ/ERα ratio is also involved in the reverse process of polyp development associated with the upregulation of LDL-R expression.
LDL-R has been found to play a role in cell growth and tumorigenesis (31) . Previously, we showed that LDL-R was little expressed in colon cancer and that the absence of LDL-R predicted shorter survival in CRC patients (32) . Thus, the factors that upregulate LDL-R expression in normal and tumor cells, consequently, are able to control cell proliferation and transformation.
In addition, dietary n-3 PuFAs exerted a decrease of p-sTAT3ser protein expression and FAs activity, confirming the central role of n-3 PUFAs in the regulation of cell proliferation metabolic pathways, as previously demonstrated.
In conclusion, n-3 PuFAs-induced metabolic changes are able to counteract intestinal polyp formation in the mice and to Min/+ -treated groups. ST1, standard diet for 5 weeks; ST2, standard diet for 10 weeks; OM-3R, standard diet for 5 weeks plus n-3 polyunsaturated fatty acids (n-3 PUFAs)-enriched diet for another 5 weeks. Data are presented as the mean ± sE. P<0.05 shows statistically significant differences (ANOVA and Tukey's multiple comparison test).
revert polyp growth. This noteworthy finding is important for a translational study evaluating the therapeutic role of dietary components on human health. In particular, the marked effect of diets on polyp development in the absence of toxicity makes n-3 PUFAs an excellent candidate for the prevention and treatment of subjects with gastrointestinal diseases.
